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(57) Abstract

An apparatus is disclosed which is a microprocessor based instrument designed to conveniently and rapidly measure various analytes

in environmental and biological samples. The instrument operates

as a stand-alone unit powered by a battery or a DC power module

and may be equipped with 2 communication port allowing uploading test results to a computer. Several unique electronic, microchip and
software configurations were developed for the device to make it a portable, low-cost, safe, automated and simple-to-operate instrument
particularly adapted for precise and accurate measurement of metal ions such as heavy metals such as lead in human blood.
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DESCRIPTION
HANDHELD ELECTROMONITOR DEVICE
BACKGROUND OF THE INVENTION

A portion of this patent document contains material which is subject to copynght
protection. The copyright owner has no objection to the facsim'ile. reproduction by any one
of the patent disclosure, as it appears in the Patent and Trademark Office patent files or
records, but otherwise reserves all nghts whatsoever.

Field of the Invention

The invention relates generally to a convenient microprocessor based instrument
adapted to measure low levels of analytes in fluids. More particularly, the disclosed devices .
are automated, portable electrochermcal instruments designed to accept various chemically
modified electrode sensors and to rapidly and accurately measure low levels of various
analyt&s. Hand-held electromonitors are described that are capable of employing various
electrochemical analytical techniques for the precise and accurate measurement of multiple
analytes in a wide range of fiids. -

. Description of the Related Art

Recently, the development of highly efficient electrochemical stripping™ sensors
based on colloidal gold has resulted in the development of rapid, simple tests for
determining trace amounts of contaminants, particularly heavy metals and especially '

--mdesxrableamromnemalto)nns such as lead and mercury. The sensors for detection of

these metals are basically colloidal gold modified electrodes where the surface appears to
act as a microelectrode anay, possibly providing a rationale for the superiority of these
electrodes over bulk gold electrodes. The preparation of colloidal gold electrodes is
described in several patets, including U.S. Patent Nos. 5,334,296; 5,391,272; 5,217,504;
and 5,368,707 all of which are incorporated herein by reference and in their entirety.
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'Cblloidal gold based electrodes have been used not only for potentiometric

measurement of analytes, but also in square wave coulometric determination of metal ion -

levels. Square wave coulometry (SWC) combines fast scanning square wave voltammetry
with coulometric measurement of the signal and has been used in some applications as
preferable to differential pulse voltammetry. The advantages of this method with respect to
sensitivity and speed over other voltammetric techniques is discussed in detail in U.S.
‘Patent No. 5,468,366, the entire disclosure of which is herein incorporated by reference.

The reference pan:cularly mentions that one advantage of SWC analysis for measurements -

involving microelectrode arrays is that it does not require removal of dissolved oxygen
from the sample solution in contrast to other stripping techniques.

SUMMARY OF THE INVENTION

In a general aspect the invention employs combinations of electrodes in an
electrolyte to generate electrical signals which are indicative of the concentration of an
analyte in the electrolyte. The signals are digitized and processed in digital form to
determine and display the signals. The electrodes in contact with a sample of the electrolyte
are contained in a small fixture or probe which is electrically coupled to a data processing
system. This system is housed in a container or housing which is small enough to be hand-
held. .

The invention also employs special means for calibrating the inétrumeﬁtation One -

such means makes use of calibration strips which are coupled to the data processing system
in a manner similar to the electrodes. Calibration data from a calibration strip may be
transferred into the system or it may indicate to the system which set of calibration data to
employ from sets which are already stored in the system as in a “lookup” table. In general,
a particular calibration strip is provided for a given set of electrodes, or for a given lot of
such electrodes. o

T S SRR FUR
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An alternate ca!ibrétion system may employ a microchip on which calibration data
for a given set of electrodes has been stored. A microchip reader on the instriiment reads
and transfers the calibration data from the microchip into the data processing system.

In getieral, the invention measures a parameter of the electrode signal, notably the
current, for the analysis made by the invention. Thus, the system may measure amperage,

* ora miodulated amperage signal to perform analyses based on amperometry, voltaxmnetry
7 square wave coulometry, efc. Anodic stripping voltammetry is particularly preferred in

analyzmg for metals in one typical application.

The advent of the colloidal gold electrodes marks a great step forward in the

analysis of metals and contaminants. The present invention marks a further advance in

recognizing the need for an instrument for making such analyses which is readily portable
but also accurate and flexible. Especially attractive is an instrufriént which is self contained
and sufficiently corfpact to be hand held. Sich an instrument is particularly advantageous
in remote operations and provides results which are not only accurate but also prompt and
cost-saving. It is apparent that such an instrument may be used in the laboratory as well as

in the field.

. The present invention ‘provides an instrument which combines unique electronic,
microchip and software configurations in a device that is portable, safe,automated and .
sxmple to operate in determining analyte concentrations in fluid samples. In particular

' aspects,anappmforanalyangforaselectedana!ytemblood,mmeorwater:s

provided. Such a device is small enough to be hand held and can be set to determine
virually any metal ion, in addition to “peroxides, glucose, proteins, drugs and pesticides.
The disclosed device may be conveniently set up for use with various electrochemical
analytical techniques such as square wave coulometry, anodic stripping voltannnetry, and
amperometry, thereby providing “Several advantages over other conventional
electrochemical instruments. )
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- The disclosed microprocessor-based device is designed to perform various tasks

: associated with the measurement of electrochemical sensor response. The sensor is used as

a disposable insert with this monitor. In one embodiment, designated the LeadCare™

* Monitor (AndCare, Inc., Durham, N.C.)for specifically measuring blood lead levels, the
 instrument has one mode of operation which is a blood lead level (BLL) measurement

initiated by pressing a push-button switch ("START"), after insertion of the sensor into the
monitor and placing a sample on the sensor. In less than 2 minutes a BLL will be displayed
onthe LCD.

The monitor incorporates several distinctive functions and features, some of which
are new in this type of device, that include: <

Single push-button operation _ o .
This is an improvement over portable electrochemical devices available on the
market, none of which is for blood lead. They all require at least a few step long set

up/initiation procedures.

Sensor recognition test _

A novel feature of the device is that it is set up to run a test to distinguish whether a
calibration strip or a test sensor is connected when the test sequence is triggered by the
START button.

The. test is;ba,s'ed‘on the difference in the‘cmrem: vs. time charactensucs of a

.calibration strip and a test sensor. When a voltage pulse is applied a constant (i.e., time

independent) current is generated by 'r@sistors of the calibration stnp The test sensor-
containing sample solution on the other hand produces current that sharply decays in time.

, ‘The device applies a small voltage pulse to the connector and cun'ent is sampled
several times over a few millisecond period. If a constant (= 10%) current is detected, the
system assumes that a calibration strip is connected and the software initiates resistance.
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measurement of the calibration strip. If a decaying current is detected, the software goes to

- the BLL measurement cycle.

Automatic calibration

An additional novel feature of the device is the sensor calibration scheme which
eliminates complicated and time consuming manual calibration procedures required by
currently available devices. The scheme involves a resistor network-based calibration strip
and sensor calibration database stored in the EEPROM. Tt does not require operator

intervention except insertion of the calibration strip and pressing the START button. The

system first recognizes that a calibration strip is connected and measures the resistarice of
two resistors on the sﬁip. Based on the values obtained, the software activates one of a

 plurality of calibration data sets stored in EEPROM to be used for measurements involving

the sensors. Eighty-eight such sets have actually been employed.

Calibration strips are plastic slides consisting of prifted connecting tracks and
resistive bands whose resistance is laser trimmed to a desired value. A calibration protocol
is carried out on each new batch of sensors to determine which of the calibration data sets
pre-stored in the memory best represents the performance of this lot in the analyte test.
Each of these calibration data sets has its own calibration strip with pre-assigried resistance
values.

For examplé, calibration strip 3F may activate column #3 and offset #6 in'the
calibration database. Each manufactured batch of sensors has an appropriate calibration (or
‘sensor code) strip inchuded to be used for setting up the calibration by the operator.

By inserting the calibration strip into the sensor connector anid pressing the START -
button, the operator confirms that the mofitor and the sensors within the lot package
function together within the specified measurement bounds of the System. The calibration
strips may be reused at any time during the usable life of the lot of sensors in the package.
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Self diagnostics :

A sequence of self diagnostic checks is automatically performed each time the
device is turned on. The self tests are described in the INIT.SRC section. If any of these
tests fails the "ERR" message is displayed on the LCD display and the system is halted, i.e.,
the device cannot be operated.

Sensor connection and sample solution placement test
A further novel feature of the device is the incorporation of a test to determine
whether the sensor, or calibration strip, is properly connected to the electronics via the
- connector. If a sensor is detected (see Sensor Recognition Test) the sensor connection is
- monitored continuously (at one second intervals) during the test sequénce In the event

- that an improper sensor connection is detected, an instruction CHECK SENSOR" is
displayed on the Monitor's LCD display.

. The same routine tests whether all sensor electrodes are sufficiently covered by
solution of the tested sample. I no resistance due to the sample solution is detected
between the electrodes, a "CHECK SENSOR" message is displayed.

Internal "dummy sensor" test |

This test is performed after the Monitor is turned on. It checks the A/D and D/A
voltage control and other current measuring components of the electronics by running the
scan step ofthetwtsequeneeaﬁaeonnecﬁnganhﬁanalr&cistorhetwork("dummy ‘
.sensor")totheelectromcs The voltage is scaxmedbetwemselected vohagesandthe
wnmnsammmed,storedandcompmedbyﬂ\esoﬁwmthhe:pectedWMm Actual
'voltagescanshavemchxdedsmsbawem-SOOmVandeV If test fails, a system error
message is displayed on the LCD display. Thnstwtconﬁmmacoeptablepaformanceof
vwrb:aﬂyallhardwaremdsoﬁwareoomponentsofthesystemexcepttheconnectorwlnchxs
checked in a separate self test.
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LCD display functions
LCD message selection includes:
*mstrucﬂons such as "CHECK SENSOR" and "CALIBRATE"
* warnings such as a battery icon displayed when a low battery status is detected,
"ERR: for system error, efc.
* test status displays inchiding "SELF TEST,” "READY", and "TEST."

_Beeper funcaons - -

The Monitor system supports a beeper which provxd&s an additional way of
signaling to the operator that, for example, a sensor is comected improperly or that the test -
is completed. ‘

RS-232 interface

Computer and printer communication fimctions have been impleriented via a buik-
in RS-232 interface and fully supported by the software. The interface allows direct
sending of test mults to a printer fora hardcopy printout of test. Also, thh the use of a .
PC computer program, the operator can download new test parameters to the research
version of the device and upload the measured current data and results.

In production versions, the device supports an RS-232 protocol in a read only
format that permits external transfers of selected data from the device. :

Soﬁwareﬁmcnamforquramgsw ,
Tbes:gmltonoxse(S/N)chamctawncsofﬁxemwameInmaybeunpmvedby
"sxgnalavemgmg,fommmsmements '

* digital filtration of the forward and reverse currents;
*dlgrtalﬁluanonofthedxﬂ'amcemmmwtamedbymbmmonofﬁhaed
forwardandrevexseanretns, ’

* baseline subtracnonbeforepeakmment(see paragraphbelow) and

*mtegrauonofthepmksagtml
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Baseline subtraction routine .

Yet another novel and important feature of the software associated with the
disclosed device is the significant simplification of measurement of peak-shaped
electrochemical signals. This allows full automation of the data treatment process.

The analysis routine works by detecting two minima, one on each side of the peak,
drawing (i.e. calculating) a line through the minima, and then subtracting that line from the
curve to remove the baseline offset.

The two minima are chosen by limiting the range that the software searches. A low
| range is defined on the left side of the peak and a high range on the right. Within this range,
minima are found and used to calculate the baseline. The routine works best when repeated
to further improve results. Thesoﬁwarepexfonnsﬂmanalysisinfoursteps:

: a)F'mdthelowpomtmthetworang%,beforeandaﬁa'thepeak;
b) calculate the slope ofthehnedrawnbetwemthwetwo;)omts
c) subtract this baseline's value from the data;

d) repeat 1 through 3 above to improve accuracy.

Battery or AC pawermodule operation
The monitor preferably operates as a stand- alone umt powered by a battery ora
DC power module. The system recognizes whether a battery or an AC power module

* powers its electronics. When both AC module and the battery are connected, the system

25

30

disconnects itself from the battery to prolong the battery's life time.

Battery saving and LCD dz.y)lay bumout protectzon

After 10 nnmxtwthhoutactxvxtywhmbatterypowered oraﬂer I hour when AC
power module .is used, the device functions are tumed off to save battery and prevent
burnout of the LCD display. |
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'BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the herein described advantages and features of the
present invention, as well as others which will become apparent, are attained and can be
understood in detail, more particular description of the invention summarized above may be

 had by reference to the embodiment thereof, which is illustrated in the sppended drawings,
) whlch drawings form a part of this specification.

FIG. 1 shows an example of the potential waveform and the current sample scheme
used with the invention for anodic stripping measurement. This examnple is specific to
signals for lead in acid treated blood using colloidal gold sensors. “F” and “R” represent
the sampling points of forward and reverse currents respectively.

FIG. 2 is a graphic representation of a baseline subtraction procedire used to -
process a raw electrochemical response into a form used to calculate analyte concentration.

FIG. 3 is a flowchart of various hardware component blocks that comprise a device
of the invention.

FIG 4isa basxc firmware protocol for the execution of an etmre electrochemical -

~ measurement in accordance vnth the invention.

FIG. staﬂowchanofamamloop soﬁwareﬁ'ameworkmodlﬂewhlchdlrectsthe-
mvennontopollandwaxtforsxgna]stoperformacatmnacuvny ’

FIGS. 6A-6D is a flowchart of a process coritrol rotitine which controls the
hardwareﬁxatnscomectedtothesmsordmmgam The sensor test mvolvmapplymga
voltage to a sensor for a specnﬁed penod of time. ‘
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FIG 7 is a flowchart of a scanming routine which provxdw the actual data
measuring software for the sensor electrochmmstry This routme scans the voltage from a

first voltage value to a final voltage value,

FIG. 8 is a schematic diagram of an exexhplary microprocessor system. The
exemplary diagrammed system is built around a MOTOROLA MC 6805 main
microprocessor which is 8 bit with 176 bytes of internal RAM, 8K bytes of program
memory space, 24 /'O ﬁnw,ZsmialMandahmﬂwar@ﬁmer. B

FIG. 9 is a schematic diagram of an exemplary analog circuit which includes a
digital-to-analog (D/A) converter to generate a known voltage'and_ an analog-to-digital
(A/D) converter to measure the current.

FIG. 10is a schematic diagram of an exemplary displéy/mémory system which
stores parameters for the measurement process and data collected while processing the
sample. ' '

- FIG 11 is a schematic diagram of an exemplary power supply which typically
supplies power either by internal batteries or 120V AC power

- FIG. 12 illustrates a version of an exemplary hand-held electronic monitor

indicating the slot where the electrode strip is inserted and whm a mlﬂmnon unit forthe

mamxfacnmedelechodesmpmaybemsmedtowmectnnothewwnoomoﬂedbythe

~ firmware. - A battery compartment, alternate AC power supply connection, and cormector

for optional mating with externally supplied calibration programs are indicated.

FIG. 13 is a square wave voltammetric curve of acetaminophen obtained with the
dlscloseddevxceandacarbonsensor Momtorpammeters squarewavevolmmmetrymth
lOOmVnnhalpotenﬁal, 50 Hz frequency, 25mVamphmdeand2mVstep
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FIG. 14 is a calibration curve for lead in water using anodic stripping signals
measured by the monitor with a collidal gold sensor. Monitor parameters: 90s deposition
at-0.5V and stripping by square wave voltammetry at 100 Hz ﬁequency, 25mV amplnude
and 2 mV steps.

FIG. 15 shows an anodic stripping curve obtained for 2 mixture of four metals in
0.1M acetate buffer pH 4.2 using the monitor and a carbon sensor with in situ deposited
mercury film. Monitor parameters: 240s deposmon at -1:4V and stripping by square wave

.‘ voltammetry at 115 Hz ﬁ'equency, 25mV amplxtude and 3 mV steps.

FIG. 16 shows amperometric measirement of hydrogen peroxide in 50 mM MES
buffer pH 6.4 using colloidal gold-}mP (horseradish peroxidase) sensors and the disclosed

. device. Parameters: -100 mV potential, 4 Hz current sampling rate.

FIGS. 17A-17B ~compare anodic stripping curves as acquired and after processing "

o bythemvamon Theanv&sareforasampleof42ugperdecalneroflwdmacldtr&ted

blood 1 usmg a colloidal gold electrode. Operatmg parameters included a 90s deposmon at-
0.5V and stnppmg by square wave voltammetry at 80 Hz frequency, 25 mV amphmde and
2mV steps.

"FIG. 18 shows the effect of humidity on the temperature ‘of a sample solution

ﬁlaced on a colloidal gold sensor. The sample is a’'50 ul drop of acid treated blood.

" DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

" The invention relates to an inexpensive, easy to use and portable electronic
apparatus for tests emiploying disposable electrosensors. The microprocessor based device
performs various tasks associated with the measurement of current responses generated by
metal ions and non-metal analytes on different kinds of disposable sensors and electrodes.
It can be also used to carry out electrochemical measurements using conventional, reusable
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electrodes and electrochemical cells. The electrochemiical finctions and techniques.

 available inchide:

electrochemical preconditioning of the working electrode by potential steps

(pulses),

amperometric measurements at a constant potential applied to the working
‘ electrode, ' A

square wave anodic stripping voltammetry, and

square wave voltammetry.

The amperometric mode may be used for measurements mvolvmg immunosensors,

_ADNA probes and other enzyme based sensors such as colloxdal gold sensors for hydrogen

peroxide, anazme, femhty hormones, cholesterol and others The square wave anodic
stnppmg voltammetry has been used for mmsurement ofhwvy metals in biological fuids

vand envxromnmtal samples. For cxample, operatwn in this mode has been successfully

used in the LeadCare™ Test for detecnon of blood lmd usmg colloxdal gold sensors
(AndCare, Inc., Durham, NC). The same mode of opemtlon can be used for meamremem
of lead, cadmium, copper, ztncandothermetalsmwatersand oﬁxerenv:romnemalsample&
The technique of square wave voltammetry can be used to measure analytes that do not
require deposition (preconcentration) on the surface of working electrode. For example
the device can be operated in the square wave voltammetnc mode for measurements of -

acetaminophen in aqueous samplm

. The dewoe is a three-electrode potentiostat employlng an auto current gain
switching fimction which allows a much more rigorous control of the potential applied to
theworlongelectmdedmmgtheemremeamemem Th:sfenmreunprovesﬁxeS/N
characteristics of the device. ThedevxcecanoperatepoweredbyaQVbatteryoraDC
power module.



10

15

20

25

WO 97/08544 ' a PCT/US96/13844
-13-
The device is a versatile, yet simple to use instrument. It can be used as a

stand-alone for conducting repetitive tests involving the same type of sensors and one set of
operating parameters. In this mode all the parameters are preset either by the device

" manufacturer or by means of a calibration/setup microchip "button," and the monitor has

only one mode of operation. Similar electrochemical devices available on the market

. réi;uire complicated setup procedures. The measurement is initiated when the operator

presses START key after inserting the sensor in the sensor connector and placing a drop of -
‘tested sample on the sensor. At the end of measurement the test result is displayed on the

- LCD display. This can be regarded as a "black box" mode of operation since the user does

niot have to be familiar with the operation of the device or Wwith the electrochemistry
involved in the measurement process. '

The same device, can also be used as a flexible instrument for development of
electrochemical tests and for other applications involving disposable sensors or other
electrodes. This type of operation is designed for more experienced users and requires a
control program and a computer connection. The program provides full control of the
ﬁmcuons mcludmg changmg the type of m&mrement (amperometnc square wave
voltammemc efc.) and/or mcludmg the operatmg parameters. The measurement data can .
be uploaded from the devxce to the program for display, analysis and storage in the

computer memory.

A sequence of self diagnostic checks is automatically performed each time the
device is turned on. Ifahy erTors are dete-c_teﬂ’in the hardware or software, an error
message warns the user. Also, the battery status is checked continuously and a battery low
icon is displayed if the battery voltage drops below 6.8 V a selected voltage - for exampl,
6.8V with a 9V battery. When the battery voltage is 6.4 V or less, the device will shut
down all its functions. Sensor comnection and sample drop placement are tested
automatically at the beginning and dirring the test. In case the sensor is not connected
correctly, or the sample does not cover completely the electrodes on the sensor, or the
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sensor accidentally is disconnected during the tést, "CHECK SENSOR" is displayed on the
'LCD display and the measurement sequence is aborted.

A temperature correction function may be added to correct for the temperature

| dependence of the entire test process, including the diffusion of electroactive species at the

" electrode surface. It is based on a thermistor probe mounted on the circuit board and
controlled by the microprocessor unit (MPU). The temperature is measured before and

- aﬁerthét&standthetestrmltismapolatedtoﬂteteinpemtmeofzs degrees Celsius

usmg temperature correction database stored in the EEPROM This function ehmmates
errors due to variations of the temperature of tested samples

Sensor preconditioning function involves a set of four independently controlled
steps (pulses) that can be used for electrochemical preconditioning of the sensor. Each
preconditioned step can be set for 1 to 600-second duration and the applied potential from

 the -2000 to +2000 mV range. These steps may be used without potential applied to the

sensor to aid the operator in controlling the time of other steps in the test pro_cedure.

. Potentials applied may be changed gradually between the preconditioning and measurement

 steps which very often helps reduce the charging stress on the electrode surface.

The sensor housing is a novel device designed to stabilize the temperature of the
sample solution on the sensors and thus reduce the effect of solvent evaporation on the -

-wrrentsignalsmeashrédusingsensors This add-on module attaches to the sensor

comnector.. The housing consists of a plasnc part and an aluminum plate forming its
‘bottom. Theslotmmvﬁuchthesmsormmsatedfomthebottomanﬁceofthesensor
to slide over the aluminum plate and lay down firmly on its surface. The aluminum plate
fimctions as a heat sink preventing the cooling of the sensor as the water evaporates from
the tested solution. The evaporation effect is particularly significant for the measurements
conducted in dry environments, e.g., at relative humidities below 40%.” The sensor housing
also creates a draft screen for the tested sample which substantially reduces the effect of
evaporative cooling caused by draft. The sensor is first inserted half way into the housing
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so that the electrode area on the sensor is above and over the alumimum plate. The tested

sample solution is deposited and spread over the sensor electrodes. The sensor is then
pushed all the way to the end of the housing and into the connector. This motion engages -

the contact between the sensor contact tracks and the comnector springs. -

The disclosed microprocessor based: instrument is designed to perform various
tasks in the measurement of analytes, such as metal ions iri biological and environmental
samples. The ‘instrument advantageously operates as a stand-alone unit pow&ed by a
battery or a AC power module, and is equipped with a commuunication port that allows
uploading analytical data to a computer. The unique electronic, microchip, and software
configurations developed for this device, have made possible a portable, low-cost, safe,
'autbmated, and simple to operate instrument that is capable of precise and accurate
measurement of a wide range of analytw, mcludmg metals, peroxides, gluoose, proteins,
drugs, p&sucldes, etc.

The innovative design’ of the disclosed “apparatus incorporates 'a ‘new data
procmng method for extracnng analyncally useful signals from anodic stripping currents.
In certain embodiments, the apparatus preferably employs a colloidal gold based electrode

: that allows high sensitivity of detection of analytw so that excepnonal]y low levels of

analytes may be detectable.

An xmportam fmture of the pr’esérﬁ‘ihiredﬁon is the sensor 15t calibration scheme.

' dmmanngcomphcatedmdnmewn&mmgmammlcalibrauonmpprocedmmrequued
-byotherdevxc&sonthemarketattemptmgtoperformsmnlaranalyse& There are two
+  gereral designs used in the devices for the calibration; one ‘involves storage of specific

calibrations in the apparatus; anothier alternative and more versatile embodiment- allows
calibration data specific for the sensor to be loaded into the apparatus prior to an analysis.
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The first version uses a calibration scheme that involves a resistor network-based
calibration strip and sensor calibration database stored in menibry. It does not require any
user intervention except insertion of the calibration strip and g_r&ssing the START button.
The device recognizes that a calibration strip, and not a test strip, is connected and
conducts a measurement of resistance of two resistors on the strip. Based on the two
resistance values data from one of the calibration curves stored, the EEPROM is
transferred to the active poruon of a lookup table. Until another calibration strip is read,
thsdatalsusedbythedevxcetoconvenmmmredsxgnalstothe concentrauon ofanalyzed '

species.

In a preferred embodiment, a novel version of a sensor lot calibration scheme is
employed that also allows setting up the operating parameters for a particular test in which
the sensor is used. It involves using a xmcrochxp herem referred to as a “Calibratxon
Button,” to store and download the calibration data and other data comespondmg to alot
of sensors that will be used in the test. A digital microchip mderofas:zeofa nickel coin
is mounted on the device that enables data transfer. Each lot ofmamnfacmred sensors will
haveaumqueCalibranonButton, and such a chip canbemchxdedeth each set ofsensors '
sold from the lot.

. To prepare the memory chxp one may use a programmable memory chxp such as
Dallas Semiconductor’s Touch Memory. 1K (64 data words), one txme progmmmable
'memory chips and programmable 4K memory chips are smtable In one version of the
‘button, a 45-point cam;ratxon data set, a 7-pomt temperature ¢ oorrectxon data set, and the
sensorlotcodemdproductwndate,madd:hontothexmcmchpIDoodewmstored

. Another. version of the button :sets up the device to a desired operating mode

(amperometric or square wzve, for example) and changes the qperaﬁng parameters,
including calibration, for the test and sensors to be used.

A memory reader probe, mounted on the enclosure, is used to transfer the

 calibration data to the lookup table stored in the memory. When the device is in the
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' READY mode, the Calibration Button reader is in the active mode and ready to sense the
attachment of the Button. The transfer is executed when the user connects (“touches”) the

button to the reader and the electromonitor device recognizes that a Calibration Button is
attached and ready for transfer of calibration data. Unlike the earlier described resistor
based calibration strip, the START key is not involved with the use of Calibration Button.
Transfer of data from the Button to the device takes less than 1 second.

Memory touch types of pfogrmnable chips are inexpensive and one calibration

" button can be included with each set of sensors sold. Although the 1K version is preférred,

the sensors may also be developed with a programmable 4K button. This allows storing

* calibration data stored in the button’s memory chip multiple times using a computer

program. Programming of the buttons is fast, much less than 1 second pér'button. Buttons
may be purchased and no extra labor, except programming and labeling, is required. For
rtai certain applications, this presents an advantage over the calibration strip approach which

‘ requnm more elaborate and timely coordination of efforts between the sensor produoer and

the monitor manufacturer.

The following material discusses the software and the hardware used in the
instrument. Abnefovemewdescribmgthemethodunhzedmthem&smememls
Vprwemedﬁrst

Method 0verv1ew

" The electronic dev:ce of the present invention measures an electrocheuncally

.generatedsxgnalﬁomananalytemadmpofsolunonplawdonadlsposablesensor The

instrument executes a sequence of voltage steps (voltage pulm) that are applied to the
electrodes on the sensor (FIG. 1). The electromonitor measures currents generated by the
‘sensor during the analysis. It then mmerically processes these cirrents to determine the
analyte signal, In the final stagé of the test, the electromonitor convérts the analyte signal

' toadnwpondingmalytebommﬁﬁﬁéhinappmpﬁatemﬁtsmddisphysﬁxer&h on an

LCD display.
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The electroanalytical techniques on which the operation of the electromonitor is
based are square wave coulémetry (SWC), anodic stripping volta'xmnetxy (ASV), and -
amperometry. . The SWC can be characterized as a hybrid of three electrochemical
tecliniques: Anodic stripping voltammetry, square wave voltammetry, and coulometry. The
electromonitor can apply the appropriate analytical technique to measure signal for a
selected analyte. Because this measured signal is proportional to the conéentration of
analyte in solution on the sensor, a simple conversion of this signal to the corresponding
analyte concentration can beé performed using calibration data loaded in the memory of the -
‘electromomtor ' '

 Hardware Overview . :
The block dxagram of the system shows the basic hardware elements (FIG. 3). The
system in one embodiment may be built around a MOTOROLA MC6805 main
‘ nncroprocwsor 10, see also FIG. 8. The MC6805 is an 8 bit xmcroprocmsor wnth 176
bytes of internal RAM, 8K bytes of program memory space, 24 I/O lines, 2 serial mterfacw,
andahardwareﬁmer The24l/0hnesandonesenalportareusedtoconnecttothe
external components. The second serial port allows a host computer to communicate with
the system using a standard interface such as the RS-232 interface 12. |

The analog circuit (FIG. 9) includes a digital-to-analog (D/A) converter 14, (FIG.
3), to generate a known voltage and an analog-to-digital (A/D) converter 16 to measure the

- current.  Additional Op Amps generate the counter electrode voltage and measure the

reference voltage of the sensor and convert the mnrent to a voltage forthe AD. An analog

~ switch allows disconnecting the electronics from the sensor connector 18 when no sensor is

installed.

The data collected while processing the sample is stored in an external 8K byte

RAM 20 (FIG. 10) for later analysis by the software. An EEPROM memory 22 may be

used to store the parameters for the measurement process. A lookup table, if incorporated
into the device, translates the result to the final displayed value in display 24.
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A power supply 26 for the system (FIG. 11) is provided either by internal batteries
or a 120V AC power module. A commercial 16 character display 24 may be used to
display messages and the final résult of the measurement.

Software Overview

A support program for the unit allows a user to ‘set the dlﬁ"emntpammeters )
assomatedwnhtheproc&ss Thwe mcludemnmgandvoltage levelsfor&chstateand
frequency ofsquarewavemodulatxonusedmthescanstate In addition, the datamaybe
uploaded from the instrument and displayed.

A hardware prototype was built to provide a platform for the development of the
software. A MOTOROLA In-Circuit-Emulator was used to allow testing the code as it was
written. The software was broken into individually assembled small modules and then
linked together.

In addition, a simulation of the analysis routines was written in BASIC to allow
testing different methods for acquisition and analysis of data. This simulation in BASIC
was effective for development of one embodiment of the device, the LcrudCareTM Monitor

.-used for the detectlon of lead in blood and was also used for op’nnnzauon of the

LeadCare™ test system which includes special collo:dal gold based electrodes used wnth an

. electromomtor calibrated and dedicated to lmd tstmg

Firmware Overview .

Thie firmware can be divided into measuremént of the data and commumications to
the host computer. Used in ‘the context of the present invention' and as ‘generally
understood by those skilled in the art, fimiware refers to the software used as part of the -
disclosed device; that is, the software that is firmly fixed in the apparatus and which has
been especially developed for the embodiments disclosed and described herein.
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The measurement of data from the sensor is based on connecting the sample to a
voltage source for a fixed period of time and measuring the current. This system has been
developed as a general purpose tool; as a result, there is considerable flexibility in the device
for adapting to measure a wide range of types of analytes. '

'I'heﬁrmwareﬂowchartinFIGAillgsu'at&sthestepsintheproeess. Each step has
an associated time duration set by the user. This time can be set to zero, skipping that part
.of the process. In addition, each step has a-voltage applied to the sensor during that time.

The flowchart shows that the routine starts _in a loop, waiting for the "START"

“switch to be pressed. Once the switch is activated, each step is sequential. Ifthe timé is set

to zero, that step is skipped. The present system supports 4 stages: Initial delay,
Precondition #1, Precondition #2, and Deposition. ' “ :

The next step 1scalledthc Scan stage (see Stripping Scan in FIG. 1). This stage is’
more complex. The applied voltage is incremented from one level to a final level in a series

) - .ofsteps. During each step,asmall}oﬁ'setvoltageisapplied,ﬁrstintheposiﬁve direction

20

25

then in the negative direction. During this positive offset time, the current in the cell is
measured and stored as the FORWARD current (F). Similarly, during the negative offset,
the current is measured and stored as the REVERSE current (R). |

When the scan stage is completed, the data analysis routine calculates the difference
between these two currents and using this data, calculates the analyte level (FIG. 2).

 The firmware was developed by creating a series of modules which handle one task
or function and then linking them together to form the total system. For the purpose of
illustration, the modules are grouped into three sections: software framework, data
collection and analysis, and support modules.
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Software Framework :

The framework modules make up the program environment. This consists of a -
main loop (FIG. 5) which polls and waits for signals to perform some activity. When a
signal is detected, it exits and runs those modules associated with that signal. |

For example, timing is accomplished using hardware in the MPU to cause an
mtermpt every 5 milliseconds. Whenthls mtenupt mgnal 15 detected, the firmware module :
»TIMERIRQ" is run. This module handles the various time parameters such as the tnmng

for the stages during processing.

The framework modules consist of the "INIT" routine which initializes the
hardware and software memory, the main control loop in "MAIN" which tests for activities
ready to process, and the "TIMERIRQ" routine which provides timing information.
Finally, the "VECTORS" module provides Support for the MPU interrupts.

" Data Collection and Analysis

The firmware which defines the function of the electromonitor consists of seven
modules. The first module is in "MAIN." This module contains the basic testing loop. The
loopteststhestatusoftheSTARTsWitd),thestatusofthepmcess if started, and if any
cdmmufﬁmtion requdsts have beed received from the host comﬁlner.

Iftheprocwshasstarted,addmonalt&mnglsdonetosupportthxsmode Thls
MMonaIngspmmnlyto detexmmexfthenmelscomplete for a stage and, if so,
setting up the next process stage. The timing is supplied by the basic framework routine
"TIMERIRQ" which generates a 1-second signal which decrements the timer for the active
stage.

The last scanning stage is handled in the same way. The software for this stage,
however, is in a separate module "SCAN" to allow easier testing and modification.
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Also, during the initial processing stages, the sensor is tested to determine if it is

 electrically working. This is accomplished by calling the routines in "STRIPTST" module.

The last four modules analyze the data collected and saved in the RAM buffer. The
"FILTER" module first smooths the data collected and calculates the difference values,
The "BASELINE" module comects the data for the baseline offset. (See section on
analysis). Finally the rwult is translated into the correct BLL value using the routines in
"LOOKUP." | '

Support Modules

The remaining modul&s support the hardware, provide additional math routines and
test the system.

DATA:

LCD, DISPLAY: hardware 16 character LCD unit
RAM: - hardware extemaf 2K nkrhory
EE_CODE:  hardware EEPROM unit
~ ATOD, DTOA: hardware A/D, D/A B
SERIAL, SERALIRQ: hardwareserialRS-232 interface
BATTERY: hardware,mmsnrebaﬁeryvohage
CALCSUM, CHECKSUM: ~ hardware testing of program mernofy
SELFTEST: hardware testing of analog circuits
STRIPTST: ‘hardware testing of sensor strip
- _'Somwnm-, o
 COMMANDS:- | |
'MATH: software math routines
ROUTINES: software support routines -
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| 'I'heﬂrmwareperfbnnsﬁvemtemaltwtroutmeswhenstaned These routines .
check the internal and external memory and analog hardware circuits.

The first routine tests the internal memory of the microprocessor unit. The internal
RAM memory used to store variables is checked and if an error is detected, the system

The second test checks the internal program memory or EPROM. This is done by -
calculating the checksum of the internal memory ‘and comparing it to a value previously
calculated-and stored in memory. If the values are the same, the program memory is
acceptable; if not, the system halts.

The third set of tests checks the extemal memory. The first test checks the
F.EPROM memory wlnch contains pammetas for the test. Again'a checkmm is calculated

: mdcomparedwnhavaluestoredmmanory. Ifthesame, the memory is acceptable; if

- different, then “SYSTEM ERROR” is displayed. The lookup tables, if used in the device,

- are also verified and if an error is detected, “SYSTEM ERROR” is displayed.

The external RAM buffer is also tested by writing a fixed pattem to the memory,

mdmgnbackand comparing it to the previously written data. Ifanmronsdetected,the -
systemdlsplays “SYS’I'EM ERROR”. '

~ The final hardwaretest checks the D/A and A/D circuits. This is accomplished by
outputting a known voltage from the D/A unit and measuring it using the A/D unit. Three
voltages are output, -2 volts, 0 volts, and +2 volts. ‘The result has to be within a preset
acceptable range. If an error is detected, the display shows “SYSTEM ERROR”,
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Firmware Module Descnptlon
There are 31 firmware modules. A bnef description of each is glven in the
following sections.

-DEFINES.SRC
This module contains names of variables and their addresses in memory. The first

section oontams the hardware locations with the cormpondmg names used in the soﬁware :
The remaining section contains variable names with their memory locations.

- A 16-bit or2byteyaﬁableislabek;dwithanendingof"ﬂ" or "L" to indicate high
‘byte or low byte. A 24-bit or 3 variable is labeled with "H", "M", "L" for high byte, middle
byte, and low byte.

INIT.SCR.

Tmsrouunemmahzesthesystanwhenpowensﬁrstnnned on. It is also entered
whenthesystmhasbeenpoweteddown and the START switch is pressed to restart the
system. This routine performs the following tasks: ‘ :

First, it initializes the hardware input/output ports, the serial peripheral interface
(SP*), the serial communications interface (SCI) and some internal reglsters

-1t tests the internal RAM memory by first wmmg all ones to the memory lomnon
followed by zeros. This leaves the memory reset to zero upon completxon.

Next, therounnetwtsthemtanal pfogrammemgrypydoing a checksum total on
program memory space and comparing this to a prestored checksum value. -

If either of these two tests fail, thebsystanwill pot tum on.
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The hardware timer is set to generate interrupts every 5 milliseconds and the

* interrupt logic is enabled.

The next section of code d&mﬂnw the source of the power for the mstmment If
the source is the DC power module input, no battery check is done. If the battery is the
source of power, the battery is checked and if low, a flag is set to display "BATTERY
LOW" message later. The power source check routine is repeated every minute during
normal operation of the unit.

The display is tested by turming on all segments and activating the beep for 2
seconds. ‘

The calibration strip code is displayed for 2 seconds.

Finally, thedxsplay shows 'READY" After the START svmchlmsbeenrelwsed,
thesystemgo&swthemmnentryponumMAINSRC

MAIN.SRC |
~ The MAIN.SRC section of code contains the primary system flow loop.” This loop
consists of a series of questions that are sequenced through to determine which opeiation
should be performed. The loop is run every 5 milliseconds when the hardware timer causes
an interrupt and the software exits the "WATT" command.
"'The software first tests if the system is processing a sensor and is in the scamming
~mode: If so; it goes directly to the scanning software routine 30 in "SCAN.SRC" When

the routine is completed, it retumns.

 The next test determines if the process is active. Ifit is, the process control routine

is run (FIGS. 6A-6D). This routine is flow charted and will be discussed later.
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‘Next, the software determines if a command request has been received fom the .
serial port. If one has been received, it goes to the "COMMAND.SRC" routine 34 and
processes the command.

Finally, once every minute, the source of power is updated and the software loops

backvto the WAIT instruction 36 and waits for the next interrupt.

The process control routine (see FIGS. 6A-6D for start) controls the hardware that

is connected to the sensor during the test. The sensor test consists of a series of steps

which precondition the sensor electrodes by applying a voltage to the sensor for a given
period of time. The actual measurement scan is then initiated to collect the data which will
be later analyzed and an analyte value determined. There are 3 stages prior to the scan
routine: Initial Delay 40, Precondition #1 42 and Precondition #2 44.

“Upon entry into this routine, the system determines if this is the first time, If this is
the case, it sets up the initial delay time. If the initial delay time is zero, then the system
jumps to the setup routine for Precondition #1. If the time is not zero it also checks to see
if the voltage is zero. If this is so, the analog switch does not connect the sensor to the
electronics. If the voltage is not zero, the analog switch is turned on and the software goés
to the exit routine. ‘ ’

Once the first setup routine has been run, thesoﬁwarelqopstdthetimeiwt The
remaining code is run every second. This is accomplished by monitoring a flag that is set by
the timer interrupt routine every second. If the flag is off, the software goes to the test
command routine. .

If the one second flag is on, the code first tests the electrical comections to the
sensor if the analog switch is on. Next it tests which stage is presently rumning and
contimues that routine. These routines are all similar. Fmtheﬁmethestageistobeacﬁve
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mdecretnaltedandcheckedforwu If the time is up, soﬁwaregow tothesenxprouune
for the next stage. Ifthe time is not up, it exits through the exit mode routine.

The setup routine starts by setting the new mode or stage number. Next it checks
the time delay for this stage and, if zero, skips and goes to the next stage.

The first part of the sensor test is next. This test measures the cuiTent coming from
the sensor and saves the value. Nextitoutputsanewvohageforthisstage ltr'emwsuxmv
the current and compares it with that prewously stored. There should be 2 difference due

to the new voltage applied. K not; an emror is mdlmted and the error flag is set. This error

ﬂagwﬂlbehandledmtheemtmoderounne

The final stage sets up the scanning mode. It starts by dlsplaymg “PROCESSING.”
Next it calculates anewvoltageﬂuebasedonthela.’stvoltage and step size and outputs
this to the sensor. “Finally it updates the frequency counter and sets a flag to indicate that
the direction of current is posmve, or forward. I the analog switch is not on, it is turned

- oon

The exit mode routine occurs next. It checks to see if any error was detected by

the two electrical tests of the sensor. If an error is detected, the display shows “STRIP

ERROR” and sounds a tone

SCAN.SRC

Thesmnrouune(FIG Dmowd&smeacnxaldatammxrmgsoﬁwareforthe, ‘

sensor electrochemistry. This routine "scans” the voltage from the last voltage value uwpto
a final voltage in equal steps of 2mV increments. Given an initial voltage of -500 mV and a
final voltage of +50 mV, the software steps the voltage up in 275 steps of 2 mV.
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During each step period, based on the frequency of the scan, an additional offset

voltage of first +25 mV and then -25 mV is applied and the rwultmg mrrmtsm&mredmd
saved. SeeFIG. 1. ' '

The firmware to do this process consists of two routines, one for the posmve offset -
adjusmmt and one for the negative. When the positive offset is active, the current
measured is called the FORWARD current, and the negative offset current is called the

Theﬁ'equmcyofthescanisdetemﬁnedbyﬁehardwmintermpttimer rate which
is set at 5 milliseconds and the count in the frequency counter. ForaﬂeqpencyofSOHz

~ used the test the count is 2 which makes the period equal to 10 milliseconds or 20

milliseconds for the total square wave cycle.

The current is measured by a subroutine that actually. measures the current four

times during each half of the square wave cycle and averages the results. This is done to

reduce effects caused by noise in the system. The calculation is done using 3 byte variables
due to scaling on the A/D results.

The completed measurement is stored in the extemal RAM for later analysis. The
record format in the RAM is as follows: |

N Forward current
. N+1 _ Reverse cumrent
N+2 - Voltage applied to sensor
N+3 " D:ﬁ'ermceanrent(calculatedatalatermne)
FILTER.SRC

- The filter routine performs four functions. It filters both the forward and reverse
current values in the extenal RAM buffers. Next it calculates the difference between
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forwardandreverseammtsandstomthxsmthebuﬂ‘ermemory Fmallyrtsmooths
difference data before analysxs

“‘The filter algorithm is a running average of 8 values. It is easy to divide by 8 simply
by shifting the result 3 times to the right. The eight values are chosen with'the value of
interest in the fourth position.

“The routine starts by adjusting the starting and ending pointers so valid data will be

used in the averaging process at the two ends of the data table. Next the table is scanned
adding up 8 values, dividing by 8 and storing the result.

In calculating the difference, the code scans the memory -buffer, subtracting the
reverse from the forward current value and storing the result in the last location of the data

record.

ANALYZE.SRC
The analys:s routine is the most complex of the modules due to the number of math

operations. The routine to do the analysis was developed after encountering the limited
capabilities of the microprocessor to perform complex calculations. :

" The data collected by the processor consist of the difference currents collected over

~ avoltage range defined by the parameters of the system. These difference cutrents, when . -
~* plotted yield a curve consisting of 2 peak superimposed ona baseline which is sloped (FIG.

2). Iheanalymsmunneﬁrstmmv&sﬁnss]opedbasdmemdthenealaﬂat&sthem
mderthepmkpomonofthewrve Tlusarmnsthenmn'edsngnalofanalytemthe

sample
“The analysis routine works by fioting that there is a minimum on either side of the

peak. Drawing a fine through the two minimum points and then subtracting the fine from
the curve removes the baseline offset.

e MUl
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_ The two minimum points are chosen by limiting the range that the software
searches. A low range is defined on the left side of the curve (at more negative voltages)
and a high range on the range on the right (at more positive voltages). Within these two
ranges, two minimum points are found and used to calculate the baseline.

ThermmnewasﬁrsttestedusmgasmuﬂatxonvnmentASICﬁ'omdata

' oonectedonsamples 'l'lnsshowedthatthermmneworkedbestwhenmntwnce Adjust

‘thedataﬁrst, then run the routine a second time to further improve results.
The routine for running the analysis is set up in six steps:

Find the low point in the two ranges, the low and high
Calculate the slope of the line drawn between these two points
Subtract this baselines value from the data |
Repeat 1 through 3 above to improve accuracy

Calculate the area between the two minimum points

Convert the area to a lead concentration value and dxsplay

S R

The routine uses a series of subroutines to organize the above process and allow
testing of each step. ’l’heroxmne "CALCMIN"ﬁndsmnentvahlebetweentwopomts ~

, andlsusedto ﬁndthenmnnnnnforboththelnghand lowrange

* Next the routines in "BASELINE" calculate the slope and the equation for the
baseline using the two minimum points. The software then subtracts the baseline value
from the difference current. Then the "CALC_MIN" and BASELIN" routines are repeated
to improve the accuracy of the signal measurement. F'maﬂy the last routine

. "MEASAREA" calc\ﬂat&stheaxmmderthemrvebetwemthetwonnmmnnpomtsand

returns a numerical result in arbitrary (A/D) units.
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~ This value is then scaled into units of "peak area” so it can be compared with a
simulation program used to test the code. For example, in blood lead measurements,
routine "LOOKUP" will take the signal value and convert it to a lead concentration result,
i.e.,,a BLL in pg/dL.

BASELINES.SRC |
- This routine removes the baseline offset from the original difference current-curve.
The procediire is to calculate the equation for the best line fitting the curve at two points
and then subtract this line from the original data. The baseline equation is calculated by
knowing the two minimum points, e.g., X2, Y2 which is the minimum point in the high
range and X1, Y1 (the minimum point in the low range). Given these two points, the

equation for the line is: -
Y2-YI1
lope =
Slope = 7 xi
1) Calculate Y2-Y1, these are the difference current values: To increase the

overall accuracy, this value is scaled by 16.

2) Calculate the X2-X1 term, thwé are address values. The result is a number
_ of data points and is always positive. '

" 3)°  Divide the above two mumbers. This résult is called the delta value and is
‘scaled by 16 to match the scaling of the difference current values:

4) . Next subtract the baseline from the difference current curve by starting with
the left niiimu point. Subtract the minirmum point value and then the'delta value
multiptied by the position munber. Continue this process until all the vahues of the
curve going to the right are calculated. - ‘
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5)  In order to make the data look better when graphed, subtract the baseline
_ from the curve starting from the left minimum through zero. ‘

LOOKUP.SRC |

The LOOKUP module converts the area under the curve into a final analyte value
which is displayed. The routine uses a "lookup table" (see bglow) to perform the
conversion, demonstrated here for blood lead levels (BLL) in determining lead. The table is
organized into ten paired columms (EEPROM address paired with value). The table is
“stored in the EEPROM memory by the program. The parncular system described supports
eighty eight (80) sets of calibration data. The numbers are 16 bit words (2 bytes).

Column 1 of the lookup table (locations 000-0089) contains an active (working)
calibration curve. It is a set of 90 calibration values of the SWC signal, corresponding to
the BLL values in Column 2. This calibration curve is one of the 80 calibration curves
stored in Columns 3-10, and is used by the Monitor software to calculate the BLL from a
measured signal. The content of this column is updated through an electronic calibration
process when a LeadCare Sensor calibration strip is used. ) :

Column 2 (locations 0100-0189) contains a set of 90 BLL values covering the 8.5 |

10 62.5 pg/dL range in 0.6 pg/dL increments.

Column 3 through 10 (locations 0200-0299, 0300-0399, 0400-0499, 0500-0599,

- 0600-0699, 0700-0799, 0800-0899, and 0900-0999) store eight sets, each containing 100
values of the SWC signal, representing cight different caibration patterns of the signal vs. -
BLL dependence. Together with the BLL values in Column 1, the first 90 values of each .

set represent a single calibration curve. The last ten values in each table represent 10
different offsets for the upward adjustment of the stored calibration set,

Because of the limited number of entries in the table, the firmware interpolates
between two values to improve the resolution of the conversion.
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The lookup table contains information equivalent to 80 distinctively dxﬁ'erent
calibration curves. During the sensor calibration step, one of these curves is selected f_or the
measurement via a calibration strip supplied with each package of LeadCare Sensors. The
selected  calibration curves are loaded into Colmn 1 (for example
AREA=AREA I +offset1) and then become working calibration curves in the measurement

"of BLL. ' '
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LODKUP TABLES
EEPROM Value EEPROM Valve EEPROM Value EEPROM  Value  EEPROM  Value
Caddress  address address address . address
0000 AREA 0100 LEAD 0200 AREAl 0300 AREAZ 0400  AREA3
0001 AREA 0101 LEAD 0201 AREAl 0301 AREA2 0401  AREA3
0002 AREA 0102 LEAD 0202 AREAT 0302 AREA2 0402  AREA3
0003 AREA 0103 LEAD 0203 AREA1 0303 AREA? 0403  AREA3
0004 AREA 0104 LEAD 0204 AREAT 0304 AREA2 0404  AREA3
0005 AREA 0105 LEAD 0205 AREA1 0305 AREA2 0405  AREA3
0089 AREA 0189 LEAD 0289 AREAT 0389 AREA? 0483  AREA3
0290 OFFSET1 0390 OFFSET2 0490 OFFSET3
0291 OFFSET1 0391 OFFSET2 0491 OFFSET3
0292 OFFSET1 0392 OFFSET2 0482 OFFSET3
0293 OFFSET1 0393 OFFSET2 0433 OFFSET3
0293 OFFSET1 0399 OFFSET2 0493 OFFSET3
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LOOKUP TABLES (CONT'D.)

EEPROM Value' EEPROM Value EEPROM vValue EEPRO  Value EEPR Value

address  address address M oM

address addre

. SS
0500 AREA4 0600 AREA5 0700 AREAG 0800 AREA7 0300 AREAB
0501 AREAS 0B01. AREA5 0701 AREAG 0801 AREA7 0901 AREAB
0502 AREAd 0602 AREAS 0702 AREAG 0802 AREA7 0902 AREA8
0503 AREA4 0603 . AREA5 0703 AREAG 0803 AREA7 0803 AREA8
0504 AREA4 (0604 AREAS 0704 AREAG 0804 AREA7 (0304 AREAS
0505 AREM 0605 AREAS 0705 AREAG 0805 AREA7 0905 AREAS
0589 AREA4 0689 AREA5 0789  AREA6 0889 - AREA7 0989 AREAS
0590 OFFSET4 0690 OFFSETS 0790 - OFFSET6 0890 OFFSET7- 0990 OFFSETS
0591 OFFSET4 0691 OFFSETS 0791 OFFSETG 0891 OFFSET7 0991' OFFSETS
0592 OFFSET4 0692 OFFSETS 0792 OFFSET6 0892 OFFSET7 0392 OFFSETS
0593 OFFSET4 (0693 OFFSETS 0793 OFFSETG 0833 OFFSET7 0993 OFFSETS
OFFSETA OFFSETS 0789 OFFSETG 0838 OFFSET7 0999 OFFSET8




"N" and the corresponding value in the lead column is saved.

10

WO 97/08544 : : PCT/US96/13844

-36-

Theﬁrmwarestartsbytectingthat'the "offset” value is not smaller or larger than
the minimum or maximum value in the first column (offset) of the table. If thisis to be the

| case, then the display will show "LOW" or "HIGH" correspondingly.

Next the first column of the table is scanned starting at the beginning for a value
that is larger than the "offset” value. When this is found, the previous position is saved as

e —anmiy * (LEAD®Y + 1) - LEADY)

Fraction =

Asan exémple of using the Lookup tables in a typical analysis for blood lead levels,
the firmware will perform an interpolation calculation using the formula:

- . where offset () are values in the offset column and LEAD () are values in the LEAD

15

20

25

OOh.lmn, and offset is the original input value.

The final value is the LEAD(N) + Fraction. This is the final result of the BLL
measurement which is sent to the DISPLAY module for display.

STRIPSRC S
This routine contains two t&stslwhich are pexfom{éd dunng the prbowsing of the
sensor to determine if there are any problems with the sensor connections to the electronics.
The sensor has three comnections: tﬁe reference elecﬁode (REF), the counter electrode
(CE) and the working electrode (WE). A third test is needed to determine if the installed
sensor is a calibration strip. '

The first test (STRIPTST) checks the electrical connection between the REF
electrode and the CE electrode. If the electrical connections are correct and'the sensor
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" electrodes are sufficiently covered by the test sample, the voltage of the CE electrode

should be the same as the REF electrode but of opposite polarity.

The firmware checks the CE and REF electrodes by measuring the voltage of each.
and adding them together. The result should be zero or very close to zero. The test checks
toconﬁxmtlnsdxﬁ‘erencelsl&ssthan 100 millivolts. Ifthevaluexslarger an error flag is set
(the dnsplay shows CHECK STRIP)

This test is performed every second when the analog electronics is connected to the
sensor by the analog switch. (See MAIN.SRC)

The second test (TEST_WE1,TEST_WE2) checks the electrical connection to the
working electrode (WE). This test works by assuming that the current being measured by
the WE will change when the voltage being applied to the sensor by the CE changes.

The test is performed in two stages, the first (TEST_WEI) is to measure the.
current before the voltage is changed saving this valie. The second, (TEST_WE2),
measures the current after the voltage has changed and checks that it is different from the

 first. - If the value has not changed by more than 125 nA the assumption is made that

sometlnngnsmongwx&thecomecnontotheWEandthesystemsxgnalsanerror(the

.dlsplayshowsCHECKSTRIP)
ﬁeﬁxmwafeacumﬂyéhedcstoseeifthevohégehaschangedbymofethanSO

millivolts due to limitations of the hardware. TIﬁsshoﬁldbenotedincaseﬂléVOltagwﬁom

" one stage to the next do not change by more than this value.

 This test is conducted twice, first when the voltage applied to the sensor is changed
during transition from PRECONDITION #1 to PRECONDITION #2 stage, and second
during transition from PRECONDITION #2 to DEPOSITION stage. This test is not run
when the analog switch is off. It is also skipped if the time value for the stage is zero. -
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The third test checks whether the sensor or a calibration sﬁipisconnected to the
device. The test is based on the cumrent changing after the Precondition #1 voltage is
applied to a test sensor with sample. On the other hand, when a calibration strip is
connected the current does not change in time. o

The routine first measures the current one millisecond into the Precondition #1 and
ﬂwdeveryﬁvenﬁllisecondsmtﬂtwoconsewﬁvechangwofmorethan 125 nA are
detected. When such changes are detected the routine assumes it is a test sensor. If the
current does not change within 2 seconds of the Precondition #1, a flag is set indicating that
ﬂle installed sensor is actually a calibration strip.

CALSTRIP.SRC |
This routine determines the size of the two resistors on the calibration strip. Thisis

done by connecting each resistor to the output of the D/A converter, one at a time, and

sequencing the voltage up in steps of 10 mV until the output is 10 mA. This technique
allows using resistors in linear steps of 10 Kohms.

- These two valu& are used to select one of the eight calibration tables stored in the
EEPROM. The second value is used to select one of the ten oﬁ'set._vahxes in that table.
The offset value is added to all the values in the table to allow shifting that data to best
match the characteristics of the LeadCare Sensor. '

‘ _This is done by reading one value from the selected table,addingthe selected
offset, and storing the resulting vahse in the first table of the EEPROM.

The calibration strip code s displayed on the LCD when this process is completed.
The two-character code consists of a numeral (1, 2, 3, 4, 5, 6, 7, or 8) representing the
table mumber and a letter (A, B, C, D, E, F, G, H, I, or J) representing the offset (A=1,
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B=2, etc.). When the calﬂnauon stnp is removed, the system goes back to the 'RFADY"

" mode.

As part of the sensor manufacturing process, each production batch of sensors is
calibrated. One of the 80 calibration curves which are stored on the device, is selected that -

" best matches the calibration data obtained for the current batch of sensors. This makes it

possible to assign a corresponding calibration strip which will be supplied with each
package of sensors produced in that batch. ‘

CALBUTN.SRC

. BUTNCMDS. SRS

These two modules support the touch memory system that is used to.enter
calibration data into the monitor. The first module contains the two main routines, the first
detects if the touch memory is connected to the connector and the second reads the data
and transfers it to the EEPROM.

The touch memory inpuit system works by having' the user touch the memory
buttoﬁ to the connector mounted on the outside of the housing. The first routine is called
‘every 10 milliseconds by the main polling routiné to deteét if the memory is connected.
When it is detected, the second routine is called which reads the data from the memory unit
and stores it in the RAM memory. The CRC value is chiecked and if correct, the data is
copied from the RAM to the EEPROM memory unit. If the data are not corrected, they

| aremdagamandthet&stxsrepeated Thesystexnmwthreetlm&sandthmdjsp]aysan B

efror message on the display and exits.

Theadditional'moduleisusedto support reading and writing the - memory unit
using the MONITOR program. These routines aliow the MONITOR programtowmethe '

’ mlibrauondatavahxesunothetouchmemoryumt
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UPDATE.SRC

'I'hisroutineoutputsdatatotheLCDdisplaydﬁver. The digital data are first
converted into segment data. The message symbols are obtained from flags in two -
variables.

| The data are shifted into the LCD driver using the SPI port and latched into the
' output registers by toggling the chip select line.
' DISPLAY.SRC
" This module supports the LCD unit display which is a single line, 16-character

LCD. The actual drivers for the display are in the module LCD.SRC. The data displayed
-is based on the mode number in variable "LCDMODE." '

DISPLAY MODE:

1 Displays mnmng information and time to complete ' process:
"TEST XXX secs" where XXX is the seconds remaining in the test

2 Displays result: "XX X" or "HIGH" or "LOW" in selected units

3 Displays "CALIBRATION ##" where # is the code of calibration

Routine "CLR_LCD" clears the LCD unit except for the battery message symbol.

ATOD.SRC A S -
This module supports a 12-bit analog to digital converter such as the LTC1296
(LINEAR TECHNOLOGY, Inc.). This A/D has 8 analog inputs and interfaces to the
microprocessor using the SPI, serial peripheral interface. The A/D is used to measure the
current from the test sensor, the battery voltage and additional internal voltages for testing,
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The firmware to support the A/D consists oftwo ‘routines, one to read values and

one to power down the unit for power conservanon

The first routine (AD ] READ)mdsonemptnchmmelofﬂleA/Dandreunnsthe
results in "ATODH, ATODL" This result is left justified in the 16 bit word. It is in 2's
complement notation. The voltage reference is '4.096 volts so the scale is 1 bit = 2
millivolts. Thevahxexsleﬁ;ustxﬁedmthewbxtword ' ' '

The lookup table may be used followmg the routine to generate the address for the
mput nmltxplexor '

“The second routine (ADPWROFF) sends a command o the A/D convertéf that
putsftintoapowerdownmode. In this mode the unit draws vety little currént. When a
conversion is requested, the unit powers backup.

. DTOA.SRC

~ The DTOA module supports the MAXIM 12-bit dlgxtal to ana!og converter. The -
mmpmor interfaces to the D/A using the SPIor serial penpheral interface. This D/A
hasabmltm2048volt reference Anmputvahxeofzerogwenhelowmtvalueof-zms
volts. Theh:ghest 12-bit value of 4095 gwesanomput of +2.047 volts,

‘The formula for the output voltage is:

Output Volt: =(:2.048) - N *(Jmillivolt) -

where N is a mumber between 0 and 4095.

The fimware module outputs the value in variable "DA_HDA _L” to the D/A
converter using the SPI port. -
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RAM.SRC | | |
This module supports the external memory which stores the collected data before it
is analyzed. The hardware implementation of the RAM consists of an 8K static RAM chip

‘ andtwo 8-bit latches. The latches are loaded with the address ofthedatatobemmenor

read. An 8-bit data bus, port C of the MICTOProcessor, is used to load the two address
latches. The lower 8-bits of the address are output on the data bus and a control line
la&wﬁnsdatamoﬂxelowaaddm Smn’larly theupperS—bnsofdataareomputonthe
data bus and a second control line latches these data into the upper address.

Thissamedatabusisaléo connéctedtoﬁtehpﬁt/output port‘of_th_e_RAM ‘Once
the addresses are setup, another control line called READ/WRITE is used 10 set the RAM
mode. The CHIP SELECT control line causes the data to be read from the memory chip
orwritten o the memory chip. | |

Forréadingdataﬁ'omthememoryc}ﬁp,thedétabusischangedixﬁoaninputport
by setting the direction registers to zeros.  When the port is an output port, the»direclion_
registers are sct to one. Alsobecmlsethehardwareaddr&sslatchesarenotmdable,a

‘ soﬂwarevanable "RAMADRH,L is used as the address datalocatxon When amemory
~ operation is pafoxmed, these variables are used as the address mformatxon All memory.
' operations are word or 2 byte operanons :

nwtwoﬁnnwaremuﬁnwwppon'mdihgtﬁememmy(RAM_RD)aha'miﬁng S
data to the memory (RAM_WR). Both routines first write the address to the latches and
read or write 2 bytes of data. Note that when:completed, the address has been advanced to
the next word.

An addxnonal routine allows advancing the memory address (ADV_ADR) by one
word.
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SERIAL.SRC

This module contains support routines for the serial communications to a host
computer. The serial hardware interface is setup to interrupt on incoming characters from
the host computer. The routine "SERIALIRQ.SRC" handles the interfupt and sets a flag
indicating a character is ready. The main routine polls this flag and if found set, goes to the
comnumication routines in "COMMANDS.SRC." In addition, if one of the commands
needs additional information, it calls routines in this module to get them. -

- The first routine (IN_ CHAR) gets one chardcter from the host computer. It is
typically called by one of the command routines when requesting data from the host
computer. It polls the characterrwdyﬁagand, when set, e:ntsbacktothcmllmgrounne
thbthecarryﬂagclwed Italsohasanme-outumersetto 1 second. If no character is

_ recewedmthlsume,nsolmdsatone, sets the carry flag to indicate error, and exits.

The next routine (IN_ NUM) is used to input a number from the host computer.
’I'herouﬁﬁereceiv&sacharacterandt&stsifitistheendcharacter(RE’I'URN)andifso
exits with the mumber in "TEMPHM,L." If it is a rmumber, it is added to the previous -

- nmnberbyﬂrstxmxlnplymgﬁ)eongnmlnumberby10andthenaddmgthenewmnnber In

tlnsway,anysnzemxmbacanberecewed

" Two routines are available to output characters or mmbers to the host computer.
The firmware routine to output a character first tests if the RS-232 interface chip is
powered on. It is normally powered off to save power. If not powered on, it'is tuinéd on -

- andadelayoflSOnﬂlhsecondsallowsmepowa'tostabihze Thechamctensthmoutpm

to the host oomputer

ThésecondoutpﬁtrouﬁneisusedtoommaZbytevahJetothehostcoﬂiputeras
a decimal mumber. First the value is converted to a decimal mumber, then converted to
ASCII code and sent to the host computer.
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The last two routines send to the host computer either a single carriage return (CR)
or a combination of carriage return and line-feed (CR_LF).

SERALIRQ.SRC

This module supports the interrupt from the serial interface to the host computer.
The serial interface intemal to the microprocessor is set to interrupt upon receiving a
character from the host computer. When this occurs, this routine is called. The firmware
réodvesﬂlechm'acterﬁomtbesedélponandtestsforanyemm. At this time, any
hardware errors are 1gnored and the software exits.

_ The character is tested to see if it's a "bONTROL C. If so, then the command
mode flag is reset, the analog switch is tumed off and the carry flag is set to indicate error.
The purpose is to allow the external host computer to‘ halt any command pr&eently in
progress and cease any activity to the sensor in case the hardware should fail and lock up in
the command mode. |

Next the character is tested for the START command, an "ESC" character. Ifit is,
the command ﬂagxssetsoﬂxatthenextmnethemammunnetstsforacormnand |

recelved, rthllgotothecomand software routine.

" Finally the character is stored in the receive variable and the data ready flagis set.

. COMMANDS.SRC.

 The system was designed to interface to a host oomputermorderto allowthemput
of new parameters for the process. In addition to these commands, additional commands
were implemented to allow testing the system during the development process.

A command packet from the host computer consists of an "ESC" character
followed by a single character which defines the command. Some commands need an
additional mumber. this is entered as a decimal number ending with a carriage return.
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Belov}isamnnaryofmeqoﬁi‘mmds. .Aconmlandcanbehaltedbysmdinga

"Control C" character.

SYSTEM:

"R*

routine
EEPROM:
. " AI'

- "E"
WP"

"le

S 'uMn

-~ PROCESS:

'nGn

Commands for testing;

"H*

"N"

Resets the system by jumping to the initialization

Loads the EEPROM address, from 0 to 1023
Wirites 16-bit value into address '

 Reads 16-bit value from address

Loads the RAM address 0 - 2047
Whrites 16-bit value into address

- Reads 16-bit value from address

Starts process

Sounds alarm tone
Runs fitter routine on data in RAM buffer
Runs analysis routine on data in RAM buffer
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Y Returns calculations of minimum points
V' "N* Outputs value to D/A, #N =0 to 4095
D" N Returns A/D value from channel #N=0t0 7
ROUTINES.SRC

The Pwr-Down routine is used to power down the system when it is tuned off by
the software. It first turns off a transistor used as an on/off switch to all external hardware.
Nextitsetsupthenﬁcropiocésorinput/output ports so they can be powered down also.
Finally it puts the microprocessor into a "SLEEP” mode. The system will exit this mode
when the external "START" switch is pressed causing an interrupt. ’

. The BIN2BCD mutme converts a 24-bit binary number stored in TEMPH,M,L
into ﬁve BCD numbers store in THOUS_10, THOUS HUNDRED, TENS, ONES. This is

done by subtracting first 10,000 from the binary number until the result is negative, then
subtracting 1000, 100, and finally 10.

_ The BCD2BIN routine converts the BCD numbers in the five variables into a
binary number. »

The DIVIDIO0 routine is used to divide the final result by 10 for display purposes.
It does this by first converting to a BCD value, shifting the BCD mumbers by 1 posmon and
thcnreconvemrxgtoabmaxymnnber

'I’lxeBEEPERroutmeclrxv&sthepxezoumsducerto create the sound referred to as
the "BEEP" or tone signal.

MATH.SRC
* The math calculations contain two routines that perform maihemzncal functions.

The MULTI10 routine multiplies the number in TEMPHM,L by’ 10. It does this
using the formula::
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Multiplying by 2 and 8 are simple shift operations. The software generates the two
intermediate results and then adds them to get the answer.

The divide routine divides a 16 bit value in "TEMPM,TEMPL" by a 16-bit valus in

JO*N = 2*N + 8*N
"DIVSORH.DIVSORL" and returns the results in "EMPM,TEMPL."

EE_CODE.SRC

, These two routines support reading and writing the EEPROM unit. This protocol
reqmr&sthattoreadtheEEPROMtheuppaaddxmandooxmnandmodedatabesem,
thmastartsequence,theloweraddrwsdata,andﬁnallyastopsequence Now the upper
address is resent, followed by a start sequence. "Now the' upperaddressxsment, followed
by a start sequence and the first byte of data can be read. The second byte is read next,
followedbyastbp sequmoesmttosl’nndown the EEPROM. B

The second routine (WRI'I'E EE) wmes data into the EEPROM. Agam the
- EEPROM deﬁnestheprotocol First theupper addrwsandstop sequence are sent. Then-'-'
__theloweraddressandtheﬁrstbytgtobewmtenaresem,followedbythesgcqndbytgtqbe _

written and a stop sequence.

* BATTERY.SRC

Thebatterytwrouunemmmthebattexyvoltage Basedonpr&setvahm, it
'reportslftlwbmaylsOK,lowordead

The battery voltage is divided in half by a resistor neiwork before being comnected
to the A/D converter. To compensate for the high resistance of the divider network, the
clock speed of the SPI port is reduced as is the clock to the A/D converter.

O
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The firmware starts by reading the battery voltage. The voltage is actually
measured twice and averaged to reduce noise in the circuits.

5 Next the voltage is compared to a preset minimum value that indicates that the
battery is OK. If the voltage is above this amount, the error flags are cleared and the

If the battery is below this preset minimum level, then the next step is to test to
10" determine if the battery is below the preset "dead” level. Again, if the battery is above the
dead voltage level, the esror flag for low battery is set and the system exits.

_ Ifthe battety is below the operauonal voltage level, the analog circuits will not
- work con'ectly Even though the mxcroproc&ssor system is ﬁmctlonal, the system is halted
15 byclwmgthed:splayands}mmngcff

'SELFTEST.SRC .
This module contains four test routines which test the hardware when the system is
first tumed on. An additional two td;ts are done in the INIT.SRC routine. These are the
20 tests of the intenal RAM and the program metnor? of the nﬁcroprdC&SSOr.

The ﬁrst test (DATA TST) checks the data stored in the EEPROMs first 20
locanonswlnchcommnthe parametersfortbeproccssnmonthe sensor. For example, the
- EEPROM when loaded by the LeadCare Monitor program, stores in location 20 the
25 dxeckmmoflomuonslthroughwmchxsweoftheEEPROM Thisrounneaddsupthwe
locations (1-19) and comparwtheresultwrththevaluemlocanonﬂo Ifit is the same,
 the data is correct. Ifthetwomnnbersmdxﬂ'erem,thenthemnyﬂagxssetwhxchcmsw

- thedisplay to show "SYSTEM ERROR #1" message.
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~ The second test checks the analog/digjtal converter and digital/analog converter. It
does this by outputting from the D/A a voltage and then measuring this voltage with the
A/D. This is not a perfect test because the reference voltage for both systems is the D/A -
reference so, if it is not correct, the test may still work.

The test consists of three pans,i first the D/A outputs a voltage of -2.0 volts,
measures this value and determines that it is within + 2.5%. This error tolerance is to
compensate for small hardware offsets in the converters.~The next test output is zero volts, -
Finally the D/A outputs +2.0 volts. If an error is detected, the display shows "SYSTEM
ERROR#2."

The third test is to check the external RAM buffer memory. This is déne with a

simple routine that writes the address of the location into the memory starting at location 0

“and going to the end. It then reads the data and compares it with the address and checks

that they are the same. ‘Ifan error is detected, this condition will cause the display to show
"SYSTEM ERROR #3." R |

-At.thistime,mesystetnetrorisreponedbutthesystemwillsﬁllbeallowedtomn
For a production unit, the system will be shut down upon detecting an error.

- - The fourth test checks the checksum of lookup Table #1 against the previously
calculated value stored in EEPROM. IF an error is detected, the display shows "SYSTEM
ERROR #4." :

EXITRQ.SRC L _ E

The external interrupt is generated whenever the START switch is pressed. The
msonforhavingtheswitchoomectedtoanmnalhnerxuptistoaﬂowthesysténtobe
restarted when it has been powered down and put into the sleep mode.. If the switch is
m&ssedwhmpowueddowmthesystanismtedbyﬁmmingtomehﬁﬁaﬁmﬁm'muﬁne .
INIT.SEC. IF the system is already powered on, the interrupt is ignored.
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The START switch is also connected to an input port which is polled in the
TIMERIRQ.SRC routine which monitors the switch and sets a flag if the switch is detected

on.

TIMERIRQ.SRC

| 'I'hetimerintermptsoﬁwareisenter.edbwhentheintemalhardwaretimerofthe
microprocessor causes an interrupt. This interrupt rate is set for every 5 milliseconds and is
very accurate as it is based on a crystal timing circuit. ' '

The timer works by having a free running 16-bit counter incremented by the
oscillator of the microprocessor. Intemal circuits compare the counter value with another
167-bit register. Wbmthetwovalﬁesareﬂiesame,itcaussmirﬁenﬁpttoddayaﬁxed
time period, first read the present value of the hardware free running counter, add it to the
time delay and store this value in the compare latch. When the two latches compare, the
time is up.

_ Uponemermgﬂﬁsrouﬁneﬁ'omanirnmupt,theﬁrmwarermmstheﬁmer-
hardware. This is done by getting the present count value, adding to it the value equal to 5

| vnﬁl.l‘iseconds'md storing this new value in the hardware compare register.

Next the counter decrements for the scan frequency. This will cause the scan
sequence to occur at the correct frequency rate. The remaining software is run every 10
milliseconds. A flag is checked to determine if this is the second interrupt and if so, the
code continues, otherwise it exits. |

The remaining code is run every 10 milliseconds. It first tests the 6ondiﬁonofthe
START switch. This routine debounces the switch by requiring that it be stable for 10
milliseconds before a flag is set indicating that it is on.
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The next routines are used to decrement the timers that are based on the 10

 millisecond time, These are used in the rest of the code to delay actions or act as time out

timers.

, T’Heriextsecﬁonbfcodeisactivatedoxﬁyevetyseoondandisusedtoupdatetimers A
that are based on 1 second time intervals.

Finally the last section of code is based on 1-mimute intervals and is used to
decrement the time the unit is active. If this time becomes zero, then the software goes to
the routine that powers off the system. Note thatthe power down timer is reset whenever

- the START switch is pressed or a character is sent from the host computer.

CALCSUM.SRC ,. |

' This foutine is used during the final production of the software to calculate the
chiecksum of the program memory space. It is run using the ICE development system.
When run and halted, the CHECKSUM value is in the accurmlator. This value is then
stored in the checksum data field in the module DATA SRC.

Whenthesystemisﬁrstnnnedon,aroixtineisrunthatcalaxlatestheprogram

. space checksum. This value is compared with thie value stored in the data space. Ifit is the

same,thepmgramspaceis accepted. If different, the program memory space is no longer
‘correct and the system Halts. ‘

- CHECKSUM.SRC

Thisrouﬁneisnmwhenthesysterhisﬁfst_tmnedbnor‘poweredbabkonbythe
START switch. ' This routine adds up all of program ‘memory space to generate the
checksum Value. This value is compared with a value stored in the data memory location.
If the two values are comparable, the program space is accepted. If the values do not
agree, the program space is not correct and the system halts.
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The checksum in the data memory space is calculated by the CALCSUM.SRC
routine.

_ DATA.SRC
- This module contains data which is stored in the program memory space. The ﬁrst
loeatlon contains the checksum of the program space for testing. The remaining space is
- available for storing information about a product.
"VECTORS.SEC .
, Tblsmodulexslmkedmtotheprogram spaceatthevexytopandcontamsthe
vector addresses for the different i mtemxpts

The following examples illustrate particular applications of the herein discloséd
electrochemical analyzer. It will be readily apparent to a skilled artisan that changes,
modifications and alterations may be made to the disclosed apparatus and software

- combined therewith without departing from the true scope or spirit of the invention.

EXAMPLE 1

Thedlscloseddevncelsconvemenﬂyusedtodetectleadmwater FIG Misa

- mhbrahon curve for lead in water using anodic stripping signals measured by the monitor

with a colloidal gold sensor. The electrochemical monitor parameters were: 90s deposztxon
at-0.5V and smppmgbysquamwavevoltannnetryat 100 Hz, 25 mVamphtude and 2 mV
steps. The medium was 0.125 M HCL

FIGS. 17A-17B compare anodic smppmg curv&s as acquired and after proc&ssmg
by the invention. The curves were obtained using a 42 pg/dL lead in acid treated blood and
measured using a colloidal gold sensor. - Operating parameters included a 90s deposition at
0.5V and stripping by square wave voltammetry at 80 Hz frequency, 25 mV amplitude and
2mV steps. -
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The device was also used to test for lead in the presence of various metals. Results
are shown in Table 3. - -
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TABLE 3
Solution tested +0ppbPb | +125ppbPb | +125ppb Pb
As, ppb | Cr{Vi), ppb|Hg,ppb | Seppb |run #1 run #2 [run #1 {run #2 |run #1 |run 42

1:20 dilution| 1000 { 1000 50 {1000 | 01 | 0.1 | 06 | 05 | 448 | 485
of TCLP

Concentrate | -

#

1:2000 100 100 5 100 51 | 81 | 852 | 86.2
dilution of

TCLP

Concentrate

#

without 0 0 0 0 6.2 | 84 |106.1]106.0
TCLP ' v
- | Concentrate
-1 #1 added

Solution tested +50 ppb Pb
Ba, ppb | Cr{V1), ppb | Ag, ppb | Cd, ppt | Pb, ppb | nun #1 | run #2

110,000 difution of TCLP| 50

50

50

Results showed that the calibration curve in the absence of tested interferences showed
~ good linearity and reproducibility in the range of 0-100 ppb Pb. Reproducibility of the
SWC signal at 12 ppb Pb level was good with a SD of 1.8 for 12 measurements with an
average value of 8.7. The test solution containing As, Cr(VI),Hg and Se ions (TCLP
solution) reduced the Pb signal when present at a 100-fold excess over Pb. - At a 10-fold
excess, there was no interference with this solution. TCLP solution #2 contained Ba, Cd,

Cr(VI), and Ag and was found to increase the Pb signal at 100-fold excess over Pb.

As illustrated in FIG. 15, an anodic stripping curve was obtained for a mixture of
Zn, Cd. Pb and Cu employing a carbon sensor with an in situ deposited mercury film.
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Instrument parameters were: 240s deposition at -1.4 V and stripping by square wave
voltammetry at 115 Hz frequency, 25mV amplitude and 3 mV steps.

EXAMPLE 2

The.disclosed device was also used to determine cadium concentrations. Using a -
colloidal gold sensor strip, samples containing cadium ion were placed on the sensor and
analyzed using the following instrumental parameters: o

N

1) Delay Time And Voltage 0 Sec omV - -
2) Precondition #1 Time And Voltage 10 Sec 500mV
3) Precondition #2 Time And Voltage 10Sec  50mv
4) Set Deposition Time And Voltage 90 Sec 500mv
5) Set Equilibration Time ‘ 0 Sec
6) Set Voltage - Final 200mv’
7) Set Step Voltage, # Of Steps ~ ~~ 2mv 351 Steps
1) Delay Time And Voltage 0 Sec 0mV

. 9) Set Gain, Freq | 0-10pA  8OHZ
G) Start Test And Retrieve Data (D) |
R) Review Data )

* A) Analyze Data’

- S) Save Data .

L) Load Lookup Table
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'I_‘he calibration curve for cadium ion is shown:

140
nor .
100
= 60
=
oo
=60
40
20
0 : _ : ’
0 100 ,. 200 300
~(d (ppb)
Table 4 shows the SWC signal obtained for different amounts of Cd in the sample.
TABLE 4
Cd, ppb Signal
0 53
31 14
62 31
125 84
250 116
10

Experiments involving copper(ll) and cadmium(l) proved that both metals were
“electroactive on colloidal gold modified graphite ink electrodes and could be cathodically
deposited on and anodically stripped off the gold surface. Under the sohution and
instrumental conditions used for measurement of lead, copper and cadmium produce
15  stripping signals that are proportional to their respective concentrations in the ppb range.
The data (not shown) indicated that copper, cadmium and lead can each be determined in
the absence of the remaining two. |
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 Simultaneous determination of more than one heavy metal in water containing

* several ietal ions is readily accomplished with the disclosed system. One can selectively
shift peak potentials of stripping peaks by complexing the metal ion, which can be

_accomplished by manipulation of pH and addition of specific ligands. Thus a test for

simultaneous determination of the three metals from a single stripping scan is possible.

An akternative approach to determining a heavy metal in the presence of other
heavy metals would be to selectively mask to allow determination of individual metals in the

 presence of other electroactive metals; For example, one can eliminate the anodic stripping

peak of copper by adding EDTA and lowering pH of the sample to 1.0. In contrast to
_copper(Il), lead(ll) is not bound to EDTA at this pH and can be measured without
interference from copper. Similar approaches using other ligands and buffering systems are
expected to allow masking of other metals to determine an analyte metal in waters
contmmngmnctnmof metals. ’

EXAMPLE 3

. FIG. 13 shows the use of the electromonitor for the determination of a drug. The
figure shows a square wave voltammetric curve of acetaminophen employing a carbon

sensor. The parameters used were: square wave vohammetry with 100 mV mmal :

potential, 50 Hz frequency, 25 mV amplitude and 2 mV steps

FIG. 16 illustrates tﬁg use of a colloidal gold-HRP (horseradish peroxidase) sensor

to measure hydrogen peroxide in S0 mM MES buffer, pH 6.4 using the disclosed device for

amperometric measurement. Parameters were: -100 mV potential, 4 Hz sampling rate.

EXAMPLE 4

A temperature change may severely affect current signals using sensor and
arrangements that do not protect the sample solution from evaporation. As shown in

[T
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FIG.18, solution evapératibn caused by low humidity produces a rapid drop in temperature

“on the sensor. Lower temperature results in decreased diffusion coefficient of the analyte

to the sensor’s working electrode which can reduce the measured signal. This effect can be
reduced by using a heat sink platform enclosed in the sensor housing.

‘Further modifications and alternative embodiments of this invention will be
apparent to those skilled in the art in view of this description. Accordingly, this description
isfobe'cbnsn'ued as illustrative only and is'forthg purpose of teaching those skilled in the

' artthe manner. of carrying out the invention. It is to be understood that the forms of the

invention herein shown and described are to be taken as the presently preferred
embodiments. Various changes may be made in the software and firmware; for example,

“the calibration data may be provided in multiple diskettes, partially proyided from external

data bases, or stored in the device itself for later analysis. Multiple ports for sensor insert -
may be provided and adaptations for analysis of several different analytes may be
incorporated. Certain fmtures of the invention may be utilized independently of the use of
other features, all as would be apparent to one skilled in the art after having the benefit of
this description of the invention. |
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CLAIMS:

1. Apparatus for m&mﬁhg the amount of an anhlyte ina hqmd electrblyte which
comprises: - ' '

a housing substantially enclbsing a data processing system including a power
supply, a microprocwsbr, a memory and an electrical connector; -

a sensor posiﬁoned connected to the housing and comprising a 'working electrode,
.a reference electrode and a counter electrode adaptéd to be in contact with
a sample of said electrolyte and to be connected with said electrical
connector so as to couple the signal output of the sens'or.with the data
processing system; '

a digital data memory coritaining calibration data interrelating values of said signal
output with amounts of said analyte in said electrolyte;

said microprocessor programmed to apply a potential to said sensor, to measure the
signal output from said sensor, and to compare said measured signal output
with said calibration data to thereby determine the amount of said analyte in
* said electrolyte. |

2. Anapparatus as defined in claim 1 in which said digital data memory comprises a_
calibration strip positioned outside the housing and adapted to be connected with said

. electrical connector.

3. An apparatus as defined in claim 1 in which said digital data memory comprises a
look up table.
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4. Anappmmsasdeﬁnedmclmmlmwhlchsmddlgﬁaldatamemorycompnma

. microchip positioned outside the housing, and said apparatus further comprises a microchip -

reader operable to down load calibration data from said nncrochlp to said data processing
system.

5 Anappammsasdeﬁnedmclmmlwlnchﬁmheroompnsesastmcnnalmodtﬂe

attachedto sa:dhousmgandconﬁguredto screen said sensor from drafts.

6. Anapparatus as defined in claim 5 wherein said structural module includes a metal

plate extending from said housing to support said sensor and serve as a heat sink for said

Sensor.

7 Apparamsforusethhasensortoanalyzeforametalanalytemanaqueous
'e.lectrolyte, wherein the sensor comprises at one end a referénice electrode, a oounter
electrode, and a working electrode which has a colloidal gold surface, said apparatus

' comprising:

a housing adapted to be hand held and to support said sensor with said electrodes
for contact with said electrolyte; |

a tmcmprocwsor commlled source of potent:al in said housing Opm'able to apply
said potential to said working electrode sufficient to deposxt said analyte
relative on the working electrode;
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a microprocessor controlled source of providing a sequence of potential steps
operable to apply said steps over a range of potentials sufficient to stripl said
analyte from the working electrode wherein the microprocessor operates to
control the potential to step said potential upward from said lower end of
said range in steps of equal potential and duration o as to strip the analyte
from said working electrode thereby generating a current and reverse
current;

' .said microprocessor also operable to measure and process said forward and reverse
current to generate a signal and to compare said signal with signals similarly
obtained from known quantities of said analyte in said electrolyte so as to
thereby determine the unknown quantity of said analyte in said electrolyte. -

'8, The apparatus as defined in claim 7, wherein the analyte is lead and the electrolyte
Acompﬁs&s blood or urine.

9. The apparatus as defined in claim 8 wherein said lower end is about -500 millivolts,
the upper end of the range is about +100 millivolts, said square wave alternates about % 25 s
millivolts, and each step is about 3 millivolts.

10  An apparatus for analyzing for a metal analyte in an aqueous electrolyte,
comprising:

a housing adapted to be hand-held;

a sensor positioned outside the housing and adapted at one end to be' mechanically
"~ coupled to the housing and at another end to be contacted with said
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electrolyte, said another end inchiding a reference electrode, a counter
electrode and a colloidal gold working electrode; and,

a microprocessor in the housing progtammed to:

3)

b)

‘apply a sequence of potential steps to the working electrode over a

potential range from an initial level to a final level sufficient to strip an
analyte deposited on said working electrode;

measure the forward and reverse current generated by said sequence of
potential steps;

pmo&sstoobtaﬁ:achargeﬁgmalto measure the total amount of net current
from said forward current and said backward current generated between
said first level and said second level; and,

compare said signals with signals obtained from calibration of said
apparatus using known amounts of said metal analyte in said aqueous
electrolyte under the same operating conditions as for the unkncn)wn.
quantity, and thereby determine the quantity of said analyte in said
electrolyte. ' ‘

1L The apparatus of claim 10 in' which the microprocessor is further programmed to
- apply at least one constant potential to said working electrode for a selected period of time

to deposit an analyte on said working electrode prior to actuating said sequence of potential

steps.
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12, The apparatus of claim 11 in which said metal analyte is lead, said initial level is
about -500 millivolts, said final level is about +100 millivolts, said alternating voltage is
about + 25 millivolts and in the form of a square wave, and each said step is about 3
millivokts. '

13.  The apparatus of claim 11 which further comiprises a lookup table containing said
reference totals. - . T

14.  The apparatus of claim 11 which further comprises a display for displaying the

" analyzed quantity of said analyte.

15. Apparatusforﬁsevvithasensortoanalyzeforametalana!yteinanaqueous
electrolyte, wherein the sensor comprises at one end a referenice electrode, a counter
electrode, and a working electrode which has a colloidal gold surface, said apparatus

comprising;

a housing adapted to be hand held and to support said sensor exterior of the
housing with said electrodes in contact with said electrolyte;

a microprocessor controlled source of potential in said housing operable to apply
. said potential to said working electrode sufficient to deposit said analjte
relative on the working electrode; ' ‘ '

a microprocessor controlled source of providing a sequence of potential steps
opaiblemapp}y said steps over a range of potentials sufficient to strip said
Myte from the working electrode wherein the microprocessor operates to
control the potential to step said potential upward from said lower end of
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saidrangemstepsofequalpotenﬁalanddlnaﬁonsoasto strip the analyte
from said working electrode thereby generating a current and reverse
current;

said microprocessor also operable to measure and process said forward and reverse
current to generate a signal and to compare said signal with signals similarly
 obtzined from reference values similarly obtained from known quantities of
said analyte in said electrolyte so as to thereby determine the unknown
quantity of said analyte in said electrolyte. |

16.- The aﬁparatﬁs as defined in claim 15, wherein the analyte is lead and the electrolyte

comprises blood or urine.

I7.  The apparatus as defined in claim 16 wherein said lower end is about -500

~ millivolts, the upper end of the range is about +100 millivolts, said square wave altemates

“about +25 millivolts, and each steplsabouthilhvolts

18. A ponable system for measuring the amount of an analyte inan aqueous electrolyte A

a housmg enclosmg a mlcroprooessor controlled source of potential, a ngltal data
procesmgsystanmdammpmmbaseddatapmmgsym

an electmchetmcal Sensor. posmoned outside said housing, said sensor having a
workmgelecuode,areferenceelectrodeandaoomnerelectmdeatoneend
tocomactsaldaqueouselectrolytemdadaptedatltsoﬂlerendtomm
signals generated by said electrolyte to said data processing syster;
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* said source of potermal adapted to apply potmtials'across said sensor sufficient to
" cause said sensor to generate and transmit current to said data processing
- system through said housmg,

a source of calibration data positioned outside said housing correlating current
values generated and transmitted by said sensor for different amounts of
said analyte in said aqueous electrolyte and at said potentials;

saxd nncmproc&ssor programmed to compare currents genexated and transmitted
by said sensor in response to said potentials with said cahbratJon data to
thereby ascertain the amount of said analyte in said aqueous electrolyte.

19. A system as defined by claim 1 which further comprises a visual display positioned
within said housing, and circuitry to display the amounts of analyte ascertained on said
display. | : - I

20. A system as defined by claim 1 wherein said source of calibration data comprises a
‘ lmcroc}npmcodedwnhsuchdata, and wherein said systemﬁmheroompnsaanna'octnp-
reader mounted on said housing and adapted to download calibration” data from said

' mxcrocluptosalddigltaldataproc&ssmgsystem

21. A system as defined by claim 1 wherein said calibration data comprises is selected

by a calibration strip.
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22. A microchip encoding the values of signals generated by an electrochemical sensor
incontactwithagivenelecn'olyteconmipinggivenamountsofana:mytemdaigivm
potentials or a sequence of potential stepsAappl.ied to the sensor, said sensor including a
reference electrode, a working electrode and a counter electrode.

5
23. A microchip as defined in claim 22 wherein the working electrode comprises
colloidal gold. ' o
10 S
© .24, The apparatus of claim 1 wherein the potential is a single potential step.
25.  The apparatus of claim 1 wherein the potential is a sequence of potential steps.
15 . '

26.  The apparatus of claim 1 wherein the sensor is positioned outside the housing.

20 27.  The apparatus of claim 1 wherein the sensor is positioned inside the housing.
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